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ABSTRACT

This report presents a description and interpretation
of an unusual type of isolated atmospheric gravity wave
observed near Tennant Creek in central Australia. Comparison

of experimental data with theory shows that waves of this

.Jt

type belong to a new class of deep flul nternal solitary

wave discovered by Benjamin and by Davis znd Acrivos. An

18]

interesting feature of these solitary waves is fthat they mark

the onset of significant atmospheric turbulence. It 1is proposed

that the following source mechanisms play an important role in

the creation of solitary atmospheric waves in the arid interior

of Australia :(i) the impulsive interaction of an intense
thunderstorm downdraft or downdraft generated gravity current
with an inversion; (ii) the interaction of nocturnal katabatic
flow with an existing radiation inversion; and (iii) the
interaction of stationary gravity lee waves or standing eddies
with a developing nocturnal inversion following a reversal in

the circulation over an orographic feature.
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1. INTRODUCTION

It is well known that the creation, propagation and
dissipation of gravity waves play an important role in the
dynamics of the earth's atmosphere. The reasons for studying
long-period waves of this type are therefore two-fold: in the
first place, an understanding of theinitial disturbance which gives
rise to these waves, the mechanisms by which they propagate and
their dispersion characteristics provides insight into the
fundamental nature of atmospheric fluid mechanics; secondly, it
seems to be equally important to understand the influence that
the passage of these waves has on the development of local
meterological conditions - for example, gravify waves may often
be correlated with the release of latent atmospheric instabilities
which in turn give rise to such diverse phenomena as clear air
turbulence, propagating squall lines and, possibly, in the
extreme case the development of tornado activity.

The purpose of this report is to summarize the principal
results of a preliminary study of subsonic atmospheric waves which
were observed during the period from August 1975 to June 1976
using a five-component array of high sensitivity microbarometers
installed at the Warramunga Seismic Station located near Tennant
Creek in central Australia.

Of foremost interest to this study are the observations
of large amplitude isolated waves of permanent form which are
thought to represent a new type of naturally occurring internal

solitary wave. This report will be mainly concerned with a

description and interpretation of these unusual waves. A variety
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of large amplitude long period dispersed gravity wave trains have
also been observed during this period. Discussion of these events

will be deferred until a later report.

2. DATA RECORDING AND PROCESSING TECHNIQUES

The Warramunga Seismic Station is situated 37 kilometers
SSE of Tennant Creek. The centered quadrilateral array of
microbarometers is located on slowly undulating semi-desert
terrain at an elevation of about 410 meters MSL with relief in
the area encompassed by the array rising to a maximum of about
6 meters. The nearest significant landscape feature is a
barren 50 meter granite ridge which runs for about 200 meters in
a north-south direction about 1 kilometer east of site 1.

Probably the most important topological features, insofar
as the lceation of this array is concerned, are the 600 meter
lurchison znd Davenport Ranges which run from 20 to 160 kilometers
to the SSE and the 1600 meter Macdonnell Ranges, 450 kilometers
to the south. A1l of the land to the west of the array can be
described as semi-featureless stoney desert and an extensive
dry steppe area known as the Barkly Tablelands forms the north-
east quadrant. Further afield, the major orographical features
are the 5000 meter mountains of central New Guinea, 1800 kilometers
to the NNE, and the 2400 meter Australian Alps of Victoria and
New South Wales, 2300 kilometers to the SE.

The configuration of the five-component infrasonic array
along with the location of a vault containing a vertical long-
period seismometzr are illustrated in Figure 1. An array of

Daniels type noise reducing space filters arranged in the form
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of a cross with the inlet port at the center has been installed
at each site. These filters provide useful suppression of
incoherent wind noise in the period range below 20 seconds.

A least-squares fit to the measured amplitude response of the
microbarometers is shown in Figure 2.

Recently, a SIAP 2000 weather station which provides a
continuous record of wind speed and direction, temperature,
relative humidity and precipitation was installed midway
between the microbarometer at site 1 and the long-period
seismometer vault.

The five infrasonic channels and the vertical long-period
seismometer channel are sampled at a rate of 2 samples per
second, digitized via a 14-bit ADC and recorded in IBM
compatible format on 7-track, 556 bpl tape. At the Australian
National University these tapes are converted to 9-track, 800
bpli in a compact, 2 data word per 24-bit computer word, format
which conserves magnetic tape and which is suitable for analysis
on a 48K Harris Datacraft 6024/4 computer.

The main signal processing technique used on the array
data consists of a beam-forming program which utilizes the
non-linear N-root method devised by Muirhead (1968). The
output ei(t) of the i-th array element is digitally filtered
in the bandpass region of interest, properly phased by time
shifting to correspond to the passage of a plane wavefront
across the array, and then reduced to the N-th root with sign

preserved. The resulting product is summed over the n-element

array to give

2|

1 -
Ry(e) = & 20 15 (8))]

. signum (Ei(t)) (2.1)

n
|
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where Ei(t) represents the filter output. This quantity is
then raised to the N-th power with sign preserved to provide

the signal statistic
N
Sy(t) = [Ry(e)| . signum (Ry(t)) (2.2)

The principal advantage of this type of automatic
infrasonic array processing arises from the fact that this
non-linear beam-forming technique gives added weight to the
presence of coherent energy in the spectrum. This has proven
to be of value in the treatment of data from Tennant Creek
due to the prevalence in this semi-desert environment of
incoherent, essentially non-Gaussian noise such as that
caused by very small whirl-winds (dust devils) which interact
with only one sensor. It can be easily shown that large
events of this type are suppressed in the output of the N-th
root process by a factor of approximately n—N.

All infrasonic data 1is processed for a value of N=2 in
order to take advantage of a hardware square root SAU feature
of the Datacraft computer. This output is supplemented by a
parallel determination of an integrated polarity stack over
the phased array which corresponds to the N-th root process
in the 1limit Now, Further details on the N-th root multi-
channel filter may be found in Kanasewich et al. (1973) and
Muirhead and Ram Datt (1976).

Power spectral estimates of the data are computed directly
using the Fast Fourier Transform (Cooley and Tukey, 1965).

In order to reduce the variance of the estimate the calculations




are carried out using the method of time averaging over modified
periodograms described by Welch (1967). The digital time

N\
series tp 1s divided into X portions each of length M=21L

points; the elements in each segment 1 are then weighted

according to a cosine taper data window d effective over

|

the 107 limits of the segment, as suggested by Bingham et al.

(1967), and transformed to the frequency domain to give

M-1
xi(f) = E drtrexp
r=0

= o
M

The power spectral density is then determined by averaging

over the K segments,

K
2
— 20t
F(r) = 222 M ix (0], (2.1)
i=1

where At 1is the sampling interval and the factor
U=z ds = 0.875 (2.5)
M 2: 16 y 3

preserves the invariance of the area under the spectrum to
the influence of the data taper window. The power spectral
estimates obtained in this way are converted to true spectral
estimates by dividing by the square of the microbarograph

amplitude response shown in Figure 2.
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3. EXPERIMENTAL RESULTS AND INTERPRETATION

3.1 Internal Solitary Atmospheric Waves

The phenomenon of the solitary wave, by 1ts essentially
nonlinear nature, occuples a unique place in the development
of the theory of wave propagation in fluids. These waves are
usually defined (Lamb, 1932, 8252) as waves of single elevation
which propagate at uniform velocity without change of form.

They arise from a balance between the tendency of waves to

steepen ahead of their crests (amplitude dispersion) and the
tendency of the longer period wave components to propagate at
higher velocities {(frequency dispersion).

The classical solitary wave of elevation was first observed
by Russ2ll (1844) on the free surface of shallow water of uniform
depth. Subsequently, Boussinesq (1871) and Rayleigh (1876)
indep2zndzntly derived approximations for the speed of propagation,
¢, and the form, n(x), of the wave profile at the free surface.
These authors found, to first order in o = a/h,

¢? = gn(1+a) (3.1a)

and
nix) = a secl‘12{<i_—ﬁfia—)l/2 %ﬁ} 5 (3.1b)

where h is the fluid depth, a is the maximum amplitude

of the wave and g 1s the acceleration due to gravity. These
results reveal an important property of sclitary waves; that
is, they are always supercritical - the speed of propagation

walways exceeds the speed

e, =\{§ (3.2)




of infinitesimal long waves. This property may be expressed

3 - 4 - 3 | = 4 m wmer Y A o o - 1 - -
to first order in the dimensionless amplitude as

F2 =1 +a >1 (3:3)

n

where TF is the Froude number. It should be noted that the

classical solitary wave is derived on the simplifying assumption
that the horizontal length scale of the motion is long compared
to the fluid depth.

Korteweg and DeVries (1895) were able to demonstrate, in
the first approximation, the existence of a class of periodic
long waves of finite amplitude and permanent form which are
described by the Jacobi elliptic function aln?(x/},k) of
modulus k. In particular, they showed that these waves, which
they called cnoidal waves, reduce to the classical solitary wave of
finite extent in the 1limit as the wavelength, A , goes to
infinity. Despite this progress, it was not until relatively
recently that Lavrentiev (1946) and Friedrichs and Hyers
(1954) succeeded in rigorously proving the mathematical
existence of a solitary wave solution of the full non-linear
equations.

There have besen a number of attempts to improve on the
first order solution for the classical solitary wave (e.g.,
Long (1956b) ;Laitone (1960); Byatt-Smith (1970); Grimshaw
(1971); and Fenton (1972)). The most accurate results are those

of Fenton, who obtained a ninth-order solution, and Byatt-Smith

who numerically solved for the case of the solitary wave an
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exact integro-differential equation for surface waves of
permanent form. The principal result of these investigations
1s that the solitary wave of maximum amplitude corresponds

to

Ginn 0.85 , Fmax =gk - (3.4)
It is worth noting that the first approximation to the shape
of the classical solitary wave (3.1b) compares favourably
with the exact profile computed by Byatt-Smith provided the
non-dimensional amplitude o 1is less than about 0.7.

The theoretical study of internal solitary waves, that
is, waves which exist as a consequence of internal density
stratification, was initiated by Keulegan (1953) who considered
a system of two superimposed liquids of different constant
densities, bounded above and below by rigid surfaces. Long
(1956p) nas also investigated this particular model. Abdullah

(1956) obtained, using a systematic perturbation procedure

developed by Friedrichs (1948) and Keller (1948), a first
order solution for the classical internal solitary wave at
the interface of a two-layer atmosphere subject to the condition

that the hydrostatic law holds for the upper layer, that is, ‘
that motion of the free surface can be neglected. This solution

is a supercritical wave of elevation described by

n(x) = a sechz{'%% —%} (3.5a) i
and
¢ = ¢,'(1+sa) (3.5b) |
it 1oge(1+vﬁ) }
with Wy = h
L 30 (3.5¢)

i e s s 2
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where the infinitesimal internal wave critical speed 1is given

by

¢ ' =4g'h (3.6)

with
g(p1-p2)

g' = ——— (3'7)
P1

Here, p, and p,; are the densities of the upper and lower
fluids respectively, h 1is the depth of the undisturbed lower
layer and w16 is the full width of the wave profile at half
maximum.

A more general treatment of internal solitary waves
has been given by Peters and Stoker (1960). They examined the
full problem of a two-fluid system with a free upper boundary
as well as the more difficult problem of the existence of
internal solitary waves in a flulid whose density decreases
exponentially with height. In the case of the two fluid
problem they found two solitary-wave scluticns; one type,
with maximum amplitude at the free surface, corresponds to
the ordinary classical solitary wave of elevation; the other
type describes an internal solitary wave with a maximum amplitude
at the interface much larger than the amplitude at the surface.
The internal solitary wave may be either a wave of depression
or a wave of elevation. If the depth of the undisturbed lower
fluid, h, 1is less than half the depth of the upper fluild,
the streamlines of the disturbance are lines of elevation at

the interface and depression at the free surface; if, in addition
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the difference in the two fluid densities is small, the

solution then corresponds to the approximate form given by

(3.5) above. This approximation will be assumed to provide
] a sufficiently accurate description of classical internal solitary

waves in the atmosphere for the present purposes.

In the case of a fluld of finite depth with a density

distribution which decreases exponentially upwards, Peters and

Stoker found an infinite number of possible internal solitary
wave modes corresponding to an infinite spectrum of internal
critical speeds. This problem has also been investigated by

Long (1965) and, in an elegant and very general treatment of

the subject of internal solitary waves in shallow fluids, by
Benjamin (1966). The general solitary wave solutions in this
case are complicated and will not be given here; 1t is noted, |
however, that according to Benjamin the solitary wave mode |
corraspeonding to the highest critical speed - predominantly a !
wave of depression - is probably the most significant mode in j
flulds of this type. j
Up to this point this discussion has been limited to a
consideration of internal solitary waves which can exist in
fluids of finite depth. Benjamin (1967) and, independently,

Davis and Acrivos (1967) have presented the results of a

e A | 0 i S e s

theoretical and experimental investigation of an entirely new
class of internal solitary wave phenomenon which can exist in

fluids of great depth. These new types of internal waves are

shown to exist in regions where the fluid density varies only

within a layer of thickness h which is much smaller than the

total fluid depth and smaller than the effective horizontal

length scale, A characteristic of the solitary wave.

b




For a two fluid system in which the upper fluid

extends to infinity over a lower fluid of depth h resting
an a horizontal rigid surface, Benjamin finds a solitary wave

solution of the form

LN
n(x) = (3.82)
x24)\2
with
c=c, 'y1+ 2a (3.80) _
where j
o 1 8 P1 h
2 = wl/z -—3-5;&' (3-80)

and p, and p, are the densities of the upper and lower fluids
respectively.

Benjamin has also considered the problem of a shallow
fluid with exponential density gradient in contact with a
deep fluid of constant density, and, further, the more general
problem of solitary waves associated with a thin transition
region contained between two homogeneous fluilids of substantial |
depth. In direct analogy with the shallow fluid theory, the
continuous variation in density is shown to give rise to an

infinite set of solitary-wave modes. For the case of a thin

region of sudden vertical density variation in a stably

stratified system, the lowest-order mode solitary wave solution

takes the form of a bulge which propagates along the interface.
This interesting result has been confirmed in the laboratory

experiments of Davis and Acrivos (1967) and Hurdis and Pao. (1975).

e bbbl Gk




e T——

s Kha i m—————SI -
-]
Consider now the existence of solitary-wave motions
in the atmosphere. It would seem that the deep fluid solitary

wave solution (3.8) found by Benjamin (1967) is best suited
to a simple description of solitary waves in the planetary
boundary layer while classical solitary wave theory (3.5)
should provide a reasonable description of higher altitude
waves. The possible existence of atmospheric internal
solitary waves was suggested by Abdullah (1949).

In order to clarify the following discussion consider
the provoerties of internal solitary waves associated with a ’
density discontinuity at the 950 mbar (5€60m) level corrresponding
to a temperature inversion of SOK, as predicted by both the
shallow and deep fluid theories. The air beneath the inversion
is taken to have a mean temperature of 270°K and the dimensionless
amplitude of the wave, o , is chosen to have a value of 0.5,
corresponding to a wave with amplitude less than maximum. With
thess conditions, a classical internal solitary wave as
described by (3.5) would propagate along the inversion
at a speed of 12.6 m/sec with a full width at half maximum
of 1.61 km and would produce a maximum pressure perturbation,

AP, at ground level of 0.615 mbar; alternatively, for the same
amplitude, Benjamin's theory (3.8) describes a solitary wave
with w, = 3.0

%
980 mbar level (280 m), for an inversion of the same intensity,

w
P

km propagating at a speed of 11.8 m/sec. At the

a similar solitary wave would produce a grcund level perturbation

of 0.317 mbar and would propagate at a velocity of 8.91 m/sec

with w, = 0.806 km according to the classical theory, or at a
2

velocity of 8.36 m/sec with Wy = 1.52 km as given by the deep

fluid theory.
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A comparlson of the shallow and deep fluild solitary
wave profiles for an inverslion at the 950 mbar level 1s shown
in Figure 3. Note that, as a consequence of the short range
exponential rise and decay, the influence of the classical wave
is much more localized than that of the deep fluld wave of
elevation. The shape of both typesof solitary wave depends
on the value of the dimensionless amplitude a ; as a 1ncreases
the wave profile narrows and the curvature at the crest
increases until at maximum amplitude the wave 1s reduced to a
sharp peak enclosing an angle of 120° (Stokes, 1880; Byatt-
Smith, 1970). This variation in profile is illustrated for values
of a up to 0.7 by the two families of curves shown in Figure 4
with the depth of the undisturbed fluid taken as the unit of

length.

3.2 Observations

A large number of isolated waves have been observed at
the infrasonic array near Tennant Creek. These unique waves,
which only occur at night, are reasonably well described by
the solitary-wave theory outlined above. Consequently, as
mentioned in the introduction, these waves are interpreted
as being examples of atmospheric internal solitary waves
which propagate along the noctural inversion.

Gossard and Munk (1954), in a study of atmospheric
pressure oscillations, noted several examples of a gravity
wave train preceeded by a positive pressure pulse. These early
measurements suffer from a lack of resolution and as such are

not directly comparable with the observations made at Tennant
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Creek. Nonetheless, on the basis of available evidence, it
seems reasonable to assume that these pressure pulses are of
the same type as the 1solated waves described here.

McAllister et al. (1969) have reported, in a pioneering
atmospheric acoustic sounding study, observations of "weak,
front-1like" nccturnal disturbances characterized by a sharp
spike in the sounder record followed immediately by a rapid
buildup of turbulence and, after a period of about 10 minutes,
by well-developed sinusoidal motion in slowly separating
strata. These observations were carried out during the month
of June at Ivy Tanks on the edge of the arid Nullarbor Plain in
South Australia. These authors interpreted these spikes as
reflections from the turbulent core of a somewhat broader
disturbance.

A very interesting series of acoustic sounding experiments
carried out again during the month of June at Julla Creek,
Queensland have been described by Reynolds and Gething (1970).
On several occasions they also observed transient sharp spikes
on the interface of the nocturnal inversion. Some, but not all
of these spikes were associated with a jump in the height of
the inversion. These authors noted that waves associated with
these sharp spikes on the inversion level might represent a
form of non-linear, large amplitude solitary wave.

There 1s little doubt that the solitary waves observed
at the Tennant Creek infrasonic array are of the same type as
those observed 800 kilometers to the east at Julia Creek and
1300 kilometers to the south at Ivy Tanks. It does not appear
likely at this point that these waves preserve their identity
over these distances; however, this possibility should be

borne in mind.
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1 Smart (1966) and Jordan (1972) have reported observations

i of "exponential pressure pulses" near Denver, Colorado, which
are similar in many respects to some of the solitary waves

described in this report.

The only other evidence for atmospheric solitary waves
appears to be the description by Abdullan (1955) of a large
amplitude propagating disturbance which appeared over Kansas
during the early daylight hours of June 29, 1951. This

disturbance, which produced a ground lev2l pressure perturbation

Soabn gl ool

of 3.4 mbar, took the form of an elevated mass of cold air

propagating on an inversion at a height of about 2 kilometers.
The elevated disturbance appeared to extend over about 150

kilometers and was observed to travel with approximately

constant form at speeds between 18 m/sec and 24 m/sec over a
distance of about 300 kilometers. Abdullah concluded that this
disturbance represented an internal solitary wave and
attributed its formation to the impulsive movement of a
quasistationary cold front into the layer of inversion.

As can be seen from the following description, the

atmospheric solitary waves observed at Tennant Creek appear to

be entirely different from the single observation described by
Abdullah. These subsonic waves are characterized by an initial
! slow increase in pressure over a period of several minutes which
gradually develops into an exponential increase leading to a
fairly sharp crest at which point the pressure falls rapidly to
the ambient level. A wide variety of these commonly occurring
gravity waves are illustrated in Figures 5 to 10.

In most cases, these waves occur as isolated waves of
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eglevation as shown in Figures 5 and 6. They are usually
asymmetrical but a few examples have been observed which are
almost symmetrical in form. Occasionally, the initial positive

pressure pulse is followed by a wave of depression as shown by
the example in Figure 7(a). A number of events have been
observed (see Figures 7 to 9) in which the initial positive
pressure pulse is followed by several long period large amplitude

components which may be either coherent or incoherent over the

array - these waveforms are similar to those observed by

Smart (1966) and Jordan (1972). Since z2ll of these atmospheric
pressure oscillations are inltiated by a positive pressure pulse
of the same form, these events are all believed to be manifest-
ations of the same phenomena.

The salient features of these atmospheric solitary waves
may be seen from an examination of the summary of characteristics
presented in Table I.

Wav=2s of this type have been observed with amplitude as
high as 700 dynes/cmz. They propagate at speeds between 4
and 16 m/sec, with an effective wavelength, as measured by the
full width at half maximum, between 0.1} kilometers and 2.68
kilometers and tend to occur on successive nights in groups of
up to 6 days duration as shown in Figure 11. Even though the
available data spans a period of only 10 months, it seems dlear
that the frequancy of occurrence of these waves is seasonal.

In contrast to the observations reported by Smart and by Jordan,
they do not occur during the daylight hours between 08.30 and

17.00 C.8.7. (see Figure 12). A plot of the frequency of

of observation as a function of azimuth (Figure 13) reveals the
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fact that these solitary waves originate in the directions of
?CO and 140° as measured from true north.

An interesting feature of these solitary waves is their
apparent influence on ambient atmospheric conditions. This

feature is illustrated in the diurnal variations of the micro-
pressure spectrum shown in Figure 14, The last diagram in

this series (c¢) has been chosen to illustrate a typical

40 hour period during which gravity wave activity was absent.

As can be seen, the late evening and early morning hours are
characterized by a relatively low-level incoherent long-period
noise spectrum indicative of a quiet stably stratified

noctural atmosphere; in contrast, the onset of daybreak marks a
transition to a state of turbulence as the nécturnal inversion

is dissipated by the growth of a convectively unstable penetrating

- layer at the surface. This transition is also accompanied by

=

the onset of a light surface wind of about 4 m/sec.

Consider now the influence of the presence of solitary

w0

waves provagating on the nocturnal inversion as is shown in the
first two diagrams in Figure 14. In each case, the passage of
the isolated wave marks the onset of turbulence in the atmosphere.
| This remarkable transition is particularly evident following the
passage of the second event in Figure 1U(b) and may be seen in
greater detail in Figure 6(a).
A change in the atmospheric spectral character following
the passage of a solitary wave is a feature which is common to
all events of this type which have been observed to date in

Tennant Creek; however, the degree to which this phenomenon

occurs varies over wide limits as can be seen from the comparisons

shown in Figure 15 of power spectral densities evaluated before
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and after the passage of selected events. The spectra

computed from data recorded prior to the passage of the solitary
wave are all quite similar and are characteristic of low noise
stable conditlons as evidenced by the presence of a 4 to 8 second
period peak in the spectrum due to microbarom activity. In
examples (a) and (b), the solitary wave marks the introduction
of spectral components over the complete period range - it is
noteworthy that the power from 10 to 100 seconds in example (a)
is increased by nearly U orders of magnitude. In examples (c)
and (d) additional high frequency components are almost completely
absent after the passage of the wave; example (d) is interesting
in that the spectral characteristics before and after the

event are almost identical except for a small contribution in

the 10 to 100 second band.

The problem posed by the asymmetrical form of these isolated
pressure pulses will now be considered. At first glance, it
would seem, on the basis of the theory reviewed above, that if
these pressure distributions represent an internal solitary wave
of elevation, then they should be symmetrical. However, all
of the theoretical treatments are limited to simple static
models. Perhaps the most serious criticism of these models
when applied to the earth's atmosphere is that the influence of
wind shear across the interface (within the limits of dynamic
stability) is neglected; this might be the reason for the observed
asymmetrical shape. It is also possibie that the turbulent

wake and form of these pressure pulses result from isolated waves

breaking in the backwards direction - this process is enhanced by

the presence of a suitable shearing layer (Long, 1956a). This




explanation does not appear to be likely but it should be borne

Another explanation of these wave forms 1s indicated by

the experimental observations and numerical calculations of Davis

i

and Acrivos (1967) on solitary waves propagating in a thin

layer of fluid contained between two deep flulds comprising a
stably stratified system. They found that waves of large amplitude
develop closed streamlines characteristic of the circulation in a
vortex pair and further, that these waves shed semiperiodic

waves behind the main disturbance. It follows directly from

an argument based on dynamic symmetry (Benjamin, 1967) that a
single vortex occcurs within large amplitude solitary waves associlated
with an inhomogeneous shallow layer of fluid lying beneath a

much deepser homogeneous fluid and that this internal circulation
could lead to the development of a turbulent wake as is observed.

A Tinal possibility which could account for the observed

)

wave shape 1is that these large amplitude waves significantly
displace the fluid above the inversion level and thus they may
effect the release of any latent atmospheric instability. The
resulting convective mixing would last for a considerable period
of time, as observed, and could be expected to result in a

rapid drop in pressure to the ambient level. Some support for
this idea is provided by a comparison (Figure 16) of the pressure
distribution associated with a wave which initiated only slight
changes in the atmospheric spectral character with the more
typical distribution associated with a wave with a significantly
turbulent wake. The profile of the wave with the quiet wake is

clearly more symmetrical. However, this interpretation is
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open to criticism since some of the observed isolated waves
with quiet wakes are strongly asymmetric.

It is worth noting at this point that the form of the
leading edge of these solitary waves indicates, as could be
expected from the atmospheric scale involved, that these waves
are best described by the deep fluild internal solitary wave
theory. It seems that a final interpretation of these unique
waves which includes an explanation of the asymmetric profile
will involve more than one of the effects discussed above.

It must be emphasized at this pcint that any discussion
of the source mechanisms which generate these solitary waves
is laf;ely conjectural since the range and lateral extent of
these waves are almost totally unknown. Existing evidence, such
act that these waves traverse the U kilometer infrasonic
array without nofticeable attentuation as highly coherent planar
ronts, suggests that these waves originate at distances
beyond 30 kilometers. If the observed turbulent wake results
from an intrinsic tendency of these wavesto shed semiperiodic
distugbances behind the main body, or, if these waves are breaking,
then tney are rapidly losing energy and it must therefore be
anticipated that they are of limited range. On the other hand,
if the obszrved turbulence results from the disruption of a
conditionally unstable atmosphere, then these waves could have
a range of up to about 600 kilometers, the limit set by the
speed of the wave and the duration of the nocturnal inversion.
It is also conceivable that these waves are created by a different
form of propagating disturbance which interacts with the

nocturnal inversion.
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Smart (1966) and Jordan (1972) assocliated their
measured exponential pressure pulses with thunderstorms. The
organized, precipitation initiated and maintained downdraft of

cold air in severe mature storms 1s well documented (Wallington,

1961; Browning and Ludlam, 1962; Spillane and McCarthy, 1969).

lil g

ot

Smart developed a model to describe these pressure pulses by
considering the unstable solution of Brunt's equation of motion
(Brunt, 1927) for the vertical displacement (dh) of a parcel of

alr:

; d2(dh) 2
iy =(8+ g-T-)dh =0 (3.9)
dt

Brunt noted that if the lapse rate, -dT/dh, is greater than the
adiabatic lapse rate, B , no restoring force exists, and
consequantly a downwards displaced air parcel will continue

to accelerate exponentially. Smart adapted this result to
explain the observed form of the pressure pulses by noting that
the downwards descending parcel is subject to a constant
pressure gradient and thus the density of the parcel increases
exponentially with the result that (a§suming the approximate
validity of the hydrostatic law) the ground level pressure
contalns an exponentially increasing component. Smart also
hypothesized that the downwards motion continuss to accelerate
in smooth laminar flow until a critical velocity is reached at
which point the flow becomes turbulent and mixes rapidly with
nearby warmer air thus causing rapid oscillations behind the
pulse and, eventually, a reduction of the pressure to the ambient

level. On the basis of this model, Smart was able to account

4 for U out of 10 observations of exponential pressure pulses.
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be a number of difficulties associated

P

with this model, the most serious of which 1s the
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beneath a thunderstorm downdraft
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that the ground level pressure distribution outside this very

localized region is of a completely different form. Consequently,

pressure pulses

the observations reported by Jordan (1972) of

coming from thunderstorms at distances of the order of 100

kilometers are not accounted for by this model as it stands.

It is an obvious extension of this model to include the

influence of the shallow gravity current of undercutting cold

air that advances away from the thunderstorm as the downdraft

Wallington (1961) noted an example

spreads out at the surface.
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nis density current extended for over 50 kilometers

(=
o
v

b

ect has recently been treafted in detail by Charba

;
the sub

an

[€

)

ng description of a Sudanese haboob, a

\Q
|
R
3
’_J
=
cr
W
5
o
ui
¢t
[.J-
@

,
T

downdraft cravity current made visible by its high dust content,

12s been given by Lawson (1971). It 1s noted that the pressure

=

distribution associated with the passage of a gravity current

kes the form of a large change in the pressure level and thus

is effect d not, by itself, account for the observed
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pressure pulse.. A more likely explanation of long-range

thunderstorm-generated pressure pulses is that they occur as

h

1

solitary waves produced by either the direct impulsive inter-

s
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action of the downdraft on an inversion or the concommitant

interaction of the gravity current with an existing inversion.

ble that some of the solitary waves observed

(=3

It is poss

in Tennant Cresk during the monsoon season from November to




March are due to thunderstorm activity. However, only 32%

of all events that have been observed occurred during periods

.

of local storm activity. A further complication arises from

the observation that intense local storms do not necessarily
generate solitary atmospheric waves. For example, consider
the results of observations made during the month of January,
a month characterized by the maximum rainfall, 115.4 mm over a
10 day interval, and the highest number of counts (1490) on a
lightning flash counter, as measured at the Warramunga Seismic
Station. During this period only one very wezak solitary wave
was recorded and this particular event occurred on a day when
storm activity was entirely absent throughout the Northern
Territory.

It is clearly necessary to explore other possible source
mechanisms for the solitary atmospheric waves at Warramunga.
The fact that these waves come from the preferred directions
of 20° and 1400 suggests that they are orographic in origin.
However, unless one is willing to accept the hypothesis that
these waves originate in the atmospheric circulation associlated
with high mountains, specifically the high mountains of New
Cuinea and the Ausitralian Alps (or even the Southern Alps of
New Zealand) - an unlikely hypothesis for which there is no
direct evidence - then, the fact that the topography, on a more
reasonable scale of distance, differs considarazbly in these two
source directions, as is described below, indicates that two
additional mechanisms may be involved in the production of

solitary atmospheric waves in central Australia.

Consider first the origin of isolated waves which arrive

from an aximuth of 140°. These waves are most frequently




detected near midnight but they may also occur at any other
time during the night. As one proceeds in the direction of
140° from the infrasonic array the terrain can be described as

a more or less flat featureless plain for the first 100
kilometers. The Murchison Range begins to appear 5 kilometers
to the south of this path at about 10 kilometers from the

array. This chain of low hills, which runs parallel to the
140° direction, continues to rise until a maximum elevation

of about 200 meters over the surrounding plain is attained at

a distance of about 80 kilometers. BEeyond 100 kilometers the
level plain slowly gives way to the Davenport Range which
intersects the Murchison Range at the same altitude, at about
140 kilometers from the array. Further afield in this direction
the terrain descends to an arid plain which continues uninter-
rupted and finally merges with the Simpson Desert at a distance
out L40 kilometers.

resence of these nearby ranges suggests that the
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litary waves coming from this direction is to be
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found in the interaction with an existing inversion of katabatic
(down-slop=2) nocturnal flow of surface-cooled air from these

hills on to the surrounding plain. The hypothesis of super-
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abatic drainage which leads to an internal hydraulic
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jump has baen employed with considerable success by Ball (1956)
(see also, Ball, 1957; Lied, 1964) to explain the sudden
stationary discontinuity found in surface winds in the Antarctic.
Similarly, Clarke (1972) has explained a frequently occurring,
sudden, near-dawn squall on the south coast of the Gulf of
Carpentaria by evoking the concept of a propagating uadular

hydraulic jump created in the process of nocturnal surface

flow down 2 1:1000 slope from the 500 meter highlands to the
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east. Clarke carriesd out a number of numerical experiments

and concluded that internal atmospheric hydraulic jumps of

this type should commonly occur at low latitudes when katabatic
flow discharges on to a plain under conditions of a stable
radiation inversion.

This conclusion is reinforced by the acoustic soundings
at Julian Creek reported by Reynolds and Gething (1970) which
revealed, as has already been noted, the occurrence of a jump
in the height of the nocturnal inversions. These authors also
hypothesized the existence of katabatic flow aided in part by
the geotrophic wind and orographic convergence and concluded
that the observed jumps in the inversion level could be attributed
to either the head of a gravity current propagating as an
internal bore or a travelling internal hydraulic jump.

It is worth noting at this point that none of the data
collected so far from the infrasonic array indicates the
occurrence of either a propagating hydraulic jump or the frontal
zone of an advancing atmospheric density current. This Is not
an unexpected result since the local topography indicates that
katabatic currsents are unlikely to flow in the direction of the
array. It is therefore proposed that the observed solitary
waves coming from an azimuth of 140° are generated in the
interaction of katabatic flow with the nocturzl inversion and that
they propagate along the inversion to the array. It 1s
premature, without further experimental work, to examine this

mechanism in detail but it probably takes cne of the following

forms:

(a) the direct implusive interaction of an advancing

gravity current impinging on a established inversion;
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(b) the creation of a hydraulic jump at the point where
supercritical down-slope flow encounters the horizontal
plane - this hydraulic jump may subsequently propagate
upstream as flow conditions vary;

(¢) the momentary retardation of an advancing bore upon
encountering a topographical obstacle such as a ridge
or valley, and

(d) the formation of a stationary hydraulic jump in conjunction
with a supercritical-subcritical flow transition in the

neighbourhood of a topographical barrier.

The interpretation in terms of katabatic flow at an
orographic feature accounts for both the occurrence of waves
coming from the direction of 140° and for the scarcity of events
originating in the north and south-west gquadrants where

ultable for the production of katabatlic flow
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long ranzs in the Macdonnell Ranges to the south and south-west.
An attempt to apply an interactive katabatic wind inter-

pretation to account for the source of the large number of

solitary events arriving from an azimuth of 20° 1s 1less

successful. In this direction, the elevation decreases

rom about 410 meters MSL to 200 meters at a distance

of about 150 kilcometsrs from the array. From this point, the

land rises slowly to form the Barikly Tzblelands at an altitude

of about 260 meters. At the edge of the Tablelands, about

340 kilometers from the array, the land again rises to about

310 meters and then falls continuously to the hot tropical coast

of the Gulf of Carpentaria, 500 kilometers from the array.




It 1s possible that solitary waves originating in this

Ll
direction are produced in the interaction of katabatic flows
to the east from either the McDougall Ranges on the outskirts

of Tennant Creek or from the Short and Whittington Ranges
located a further 50 kilometers to the north. This inter-
pretation is unlikely, however, since these series of ridges

rise to a maximum of only 50 meters and the lateral extent of

the down-slope run to the surrounding plain would seem to be

too limited to suppcrt significant katabatic flow. A different
type of source mechanism is therefore required tTo explain the
solitary waves which originate in this direction.

An indication of the range of isolated waves coming from
an azimuth of 20° is given by the observation that, if one
ignores all storm-related signals, all waves of this type arrive
at the infrasonic array after 23.30 C.S.T., and further, that
the majority of these events are observed to occur around 03.00.
This suggests that the source of these waves is to be found at
a considerable distance from the array. If it is assumed that
these waves are created during or shortly after the formation
of a stable inversion then the average measured speed of
10 meters/second is consistent with a source in the neighbourhood

of the coastal edge of the Barkly Tablelands.

It is therefore tentatively propossd that these solitary
waves are generated through the interacticon of a warm upslope

sea breeze circulation from the Gulf of Carpentaria with a

developing cold nocturnal inversion behind the rim of the
Tablelands. This interaction, if not direct, might take the

form of an impulsive addition of momentum to the inversion layer
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during the collapse of stationary orographic lee waves or during

the dissipation of standing eddies following the late afternoon

transition from off-shore flow to nocturnal katabatic drainage.

This concludes the description and interpretation of

atmospheric internal solitary waves which are observed in the

arid interior of Australia.




4. CONCLUSION

This report has been mainly concerned with a description
of a new type of naturally occurring solitary atmospheric wave.
An examination of the properties of a total of 85 waves of this
type, observed over a 10 month period, has shown that these
solitary waves propagate along the nocturnzl inversion, that
they arrive at the infrasonic array from two different
azimuths, and that they play an important role in the production
of atmospheric turbulence. It is concluded that the solitary
waves cobserved at Warramunga belong to a2 n=ew class of internal
solitary wave discovered by Benjamin and by Davis and Acrivos.

A number of source mechanism which may lead to the
production of solitary waves in central Australia have been
proposed. Nonetheless, until the completion of further
experimental and theoretical work, these ideas must be viewed
t is hoped that an expansion of the Warramunga

infrasonic array to an aperature of 100 kilometers will provide

the necessary data required to determine the origin of these

et e
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Event
Number

Day

Apparent
Velocity

c

(m/sec)

Azimuth

(degrees) (dynes/cm?)

Width at
Half Maxzimum

Viy
2

(km)

1-2-976
1=2-1207
1-4-223
1-4-846
1-4-1797
1-4-2524
2-1-343
2-1-982
3-1-356
3-2-1846
22110
3-2-2717
b-1-1242
4-1-1965
B~24312
4-2-862
b-L-767
4-b-1321
5-3-512
5-4-990
6~1-1054
6~1-2350
6~3-1797
7-2-188
7~-2-338
7-2-1601
7-2-1623
7-3-1050
7-3-1110
7-3-1238
7-3-3304
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340
20
240
120
4o
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20
150
280
20
60
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4o
20
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140
30
240
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330
180
200
20
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140
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0.14
8.19
0.48
c.19
0.75
0.73
1.68
0.86
1.40
0.24
0.28
12
0.39
0.65
1.2
0.70
1.06
0.98
2.68
156
0.28
1.20
0.64
0.79
1.93
15000
1.79
Be2l
0.68
1.18
0.39
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{ Event Day Time Apparent Azimuth Signal Full Width at
Number Velocity Amplitude Half Maximum
C a W,

(6. 7.9 (m/sec) (degrees) (dynes/cm?) (km)
8-1-433 01 1600 11 20 70 1.06
8-1-1439 303 2108 6 160 60 0.47
8-1-1716 303 2144 10 240 190 1.30
8-2-1081 307 1518 6 0 40 0.36
8-2-1180 307 1822 6 120 80 0.47
9-3-618 316 2042 10 100 50 0.60
9~3=1132 317 1350 6 80 40 1.01
9~3-1242 317 1728 8 80 530 0.26 |
9-U-L42 318 1742 6 40 300 0.25
10-3-1074 325 1414 10 20 : 60 0.75
10-3-1205 325 1835 8 20 70 0.72
10-4-518 327 1750 9 20 100 0.73 _
10-5-973 329 1500 8 140 80 0.95
10-6-472 330 1725 12 160 80 0.43 |
11-1-534 331 1810 8 160 140 1.38 ;
11-2-%96 334 1012 8 160 90 0.72 |
i1-3=1048 ' 337 1300 8 20 80 0.56 :
11-4-406 339 1426 10 60 190 0.80 |
12~3-352 345 1330 7 140 50 1.15
12-4-1108 347 1350 7 120 90 0.70 ;
13=2~192 351 1202 14 320 160 1.36 g
13-2-334 351 1702 8 20 130 2.40 |
13-4-408 357 150 10 120 70 0.50 g
13-4-1744 359 1140 6 160 70 0.34
13-4-1833 359 1436 9 40 140 1.40
13=4=2573 360 1516 8 L0 180 0.86
14-1-462 361 1510 8 160 90 0.45 ‘1
14-1-1146 362 1400 10 20 160 1.02 |
14-1-1902 363 1510 8 20 250 0.60

1976

17-2-1763 29 1409 8 160 40 0.72
18-1-224 51 1354 8 160 70 0.96
18-2-1292 55 2238 12 12 70 0.82




wfii?; Day Time Apparent Azimuth Signal Full Width at
N Velocity Amplitude Half HMaximum
C a 4
(0,7} (m/sec) (degrees) (dynes/cm?) (km
18-3-404 56 1336 9 40 180 .02
18-3-1099 57 1234 9 0 2o 0.76
18-4-529 58 1906 i 60 100 095
19-1-536 60 1750 aal 140 50 2.06
19-2-1972 68 1822 8 140 150 0.36
19-2-2036 63 2032 8 20 330 0.61
20-1-418 70 1418 15 14 240 1.14
20-1-1883 72 1506 14 20 120 1.81
20-2-286 73 1083 8 20 260 0.81
20-3-918 77 1106 16 0 70 1.60
21-3-1960 85 1908 9 100 ' Lo 10T
22-1-315 87 1708 10 60 30 0.90
22-1-1115 88 1950 2 120 4o 1,32
22-2-1812 91 i) 10 120 50 0.52
22-2-1918 Q1 2046 14 80 90 0.81
22-2-2517 92 1636 3l 140 50 1Lk
24-2-1826 107 1318 8 100 70 0.81
24-2-2067 107 2118 6 100 50 0.90
33=1-1111 158 1346 10 150 70 0.45
31-1-1133 158 1435 12 140 150 0. 71
33-2-953 178 1016 5 140 30 030
33-2-997 178 1124 4 180 30 023
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FIGURE CAPTIONS
1. Configuration of the five-component microbarograph
array.
2. Measured microbarograph amplitude response.

3. Internal solitary wave surface pressure profiles
corresponding to a 5 °k temperature inversion at the
950 mbar level. The dimensionless amplitude, a ,

is chosen to be 0.5.

(a) Classical internal solitary wave described by (3.5)

(b) Internal solitary wave described by Benjamin's

theory (3.8) far a fluid of great depth.

L, General internal solitary wave profile shape as a function

of the dimensionless amplitude « . Both families of eurves.

(=]

ar= plotted in the dimensionless quantities X/H and Y/H

5. Exanmoles of solitary wave spectra recorded at the Warramunga

&

1

on. These well-=defined waves of elevation

b

Seismic Stati
are typical of most of the large amplitude events which have

been observed.

(O

Further examples of solitary waves of elevation. Note the
sudden change in the character of the micropressure spectrum

following the passage of the solitary wave illustrated in (a).
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Various forms of solitary wave spectra. Figure (a) in
group is chosen to illustrate an example of a solitary wave

of elevation followed by a solitary wave of depression.

Examples of solitary waves of elevation which preceed a

decaying train of coherent long period spectral components.

Examples of solitary waves of elevation which mark the onset
of long period inccherent components in the atmospheric

spectrum.

Examples of microbarograph records which illustrate a

variety of unusual solitary wave profiles.

Frequency of observation of solitary wave signals as a

function of calendar day.

Frequsncy of observation of solitary waves as a function

of time of day.

Occurrence of solitary waves as a function of source

azimuth.

Diurnal variation of the micropressure spectrum illustrating
the growth and dissipation of the nocturnal inversion and

the influence of solitary wave activity.

Some examples of the influence of solitary waves on the

atmospheric spectrum.

A comparison of solitary wave pressure profiles for the case
of (a) a wave with a relatively quiet wake, and (b) a wave which

preceeds a period of significant atmospheric turbulence.
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